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Experimental Section
Conclusion and Acknowledgements 
Carbon, with its unrivaled ability to form differe
nt hybridization states, can exist in various allotrop
es, many of which show unique, often drastically
different, sets of properties. Carbon nanocages (CNCs)
are a particular type of carbon nanoshell, often
interconnected and forming three-dimensional (3D)
mesoporous
structure with significant pore volume and high spe
cific surface area.
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Synthesis begins by weighing then mixing equal masses
of nickel acetate (Ni(CH3CO2)2 · 4H2O) and citric acid
(C6H8O7) into water and drying the solution in an oven
set to 80 °C (Fig. 1). The resulting precursor powder will
be annealed to develop Ni@CNCs at 600 °C for 10 min in
inert nitrogen atmosphere at 300-500 mbar pressure.
Reaching temperature of 600 °C was done with different
heating ramp rates, in order to test if it affects the
reactions in the synthesis process.
Figure 1.Aqueous precursor solution (left​) and dried 
precursor powder (right)
We have demonstrated a simple, scalable, and tunable
method of obtaining densely packed Ni Nanoparticles
encapsulated in Carbon Nanocages (Ni@CNCs). Using a
facile method, it was shown that via a simple annealing
process of precursor based on nickel acetate and citric
acid, Ni@CNCs with sizes varying from 5 to 20 nm can be
synthesized by changing the heating ramp rate during the
synthesis from 25 to 53 °C/min. The final temperature of
600 °C was held for 10 min, and was the same for all the
samples. X-Ray Diffraction (XRD) multiple peaks analysis
was performed to show large Ni nanoparticles (NPs) peak
growing with increasing heating ramp rate. The samples
were also characterized with Transmission Electron
Microscopy (TEM), and Scanning Electron Microscopy
(SEM) to investigate Ni@CNCs structural properties.
Data Analysis
Physics
Multiple peak analysis of XRD spectrums has been performed to understand if the
ratio of small to big NPs is changed with heating ramp rate. It has been shown [1], that
the width of XRD peaks for Ni NPs is dependent on their sizes – the bigger are the NPs,
the thinner is the peak. To obtain the verification data, we split the XRD (111) plane
peak into wide and thin components, representing the small and big NPs respectively.
The small peak on the left is responsible for NiO (200) plane, which is present in every
sample.
Figure 5. XRD spectrum of sample 
heated at 45o C / min heating ramp 
rate
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Figure 6. XRD spectrum of small peaks
Figure 3. SEM and TEM image of 20o C/min (a,c) 
and 50o C/min (b,d) samples
Figure 4. Heating rate data
Results show that the size of Ni nanoparticles can be controlled by altering the ramp
rate. Data collected from XRD, SEM, and TEM characterization confirms that the
average size of Ni particles increases as the ramp rate increases.
Acknowledgements go to the Department of Physics and Astronomy ,College of Arts
and Science, and Conn Center for Renewable Energy Research.
Figure 2. Picture and scheme of experimental equipment
Figure 7. Relative height of big NPs XRD peak vs. heating ramp rate
Ph1ysics
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The experimental plot of temperature versus time are presented on Figure 4. The average step between the
heating ramp rates is 3.5 °C was chosen for more precise measurements. The samples were then analyzed with
TEM and SEM (Fig. 3). The samples synthesized at 25 and 50 °C / min were chosen to show the differences
between the sample’s morphological structures (a & c for 25 °C / min, b & d for 50 °C / min). As it is shown
on SEM pictures (a & b), the 25 °C / min sample is homogeneous, the NPs sizes are very similar throughout
the sample, while the 50 °C / min sample has NPs of various sizes. TEM fully confirms the SEM results (c
and d).
As for the XRD characterization, described in Data Analysis Chapter, Figure 7 shows the increase of big
NPs peak height (relative to the sample's small NPs peak height) with the heating ramp rate, which proves that
the ratio of big NPs to small NPs in the samples increases with the heating ramp rate.
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